The major DNA-synthesizing enzyme present in Pol Al-Escherichia coli (DNA polymerase II)
The isolation of a mutant of Escherichia coli lacking detectable levels of DNA polymerase activity (polymerase I) (1) has stimulated several investigations into the nature of the DNAsynthesis capacity of Pol Al-cells (2) (3) (4) (5) (6) . We have previously reported (7) that Pol Al-cells contain a DNA polymerase activity (polymerase II) that can be distinguished from polymerase I on the basis of sensitivity to high ionic strength, sulfhydryl reagents, and insensitivity to anti-DNA polymerase I antiserum. We now report the purification to homogeneity of polymerase II, and show that the properties previously reported for the partially purified enzyme are retained by the pure enzyme. Partial characterization of the pure enzyme has also been reported byothers (8) . A second polymerase activity, distinct from polymerases I and II, has been observed in Pol Al -extracts; its properties are described.
MATERIALS AND METHODS Materials
E. coli W3110 thy-, rha-, lac-, Str-, Pol Al-was obtained from Dr. J. Gross. Purified E. coli DNA polymerase I, anti-DNA polymerase I antiserum, and purified exonuclease III were a gift from Dr Fig. 4 ).
Incubations were for 5 min at 30'C; nucleotide incorporation into acid-insoluble product was measured as described (7) . One unit of enzyme is defined,#:the amount catalyzing the incorporation of 1 Table 1 ) enzyme (4.8 jzg of protein). Fraction V was concentrated 20-fold by adsorption and elution from phosphocellulose. S100. Preparation of the S100 cell-free extract (170 ml) was described (7). The S100 was brought to 250 ml, and a protein concentration of 13.1 mg/ml, by the addition of "lysis buffer", and was dialyzed against 10 volumes of 0.01 M potassium phosphate buffer, pH 6.5, for 2 hr. Phosphocellulose 1. The dialyzed S100 was applied to a phosphocellulose column (13 cm2 X 10 cm) that had been equilibrated with 0.01 M potassium phosphate buffer, pH 6.5. The flow rate was maintained at 2.5 ml/min and a single fraction (500 ml), containing all of the protein not adhering to the column, was collected. DEAE-cellulose. The phosphocellulose eluate was brought to 0.2 M (NH4)2S04 by the dropwise addition of 0.01 1\I phosphate buffer, pH 7.5, containing (NH4)2SO4 (50% of saturation). The sample was applied to a column of DEAE-cellulose (41 cm2 X 10 cm) equilibrated with 0.01 M potassium phosphate, pH 7.5, containing 0.2 M (NH4)2SO4. The protein not adhering to the column was collected in a single fraction (550 ml) and dialyzed against 10 volumes of 0.04 M potassium phosphate buffer, pH 6.5. There was one change of buffer, and dialysis was terminated when the sample reached 0.08 M salt (4 hr).
Phosphocellulose 2. The dialyzed DEAE-cellulose fraction was applied to a phosphocellulose column (4.1 cm2 X 25 cm) previously equilibrated with 0.04 M potassium phosphate buffer, pH 6.5, at a flow rate of 36 ml/hr. The column was washed with 200 ml of 0.04 M potassium phosphate buffer, pH 7.5, and 20-ml fractions were collected. The enzyme was eluted with a linear gradient, 0.04-0.4 M potassium phosphate, pH 7.5 (total volume 2 liters). Polymerase activity eluted in two peaks: peak A emerged at 0.06 Al and peak B at 0.18 M salt. Exonuclease III (specific activity, 180,000 units/ mg) eluted between the two peaks, as shown in Fig. 3 . Fractions were pooled as indicated, and peak B (140 ml) was dialyzed against 10 volumes of 0.04 M potassium phosphate buffer, pH 6.5, for 2 hr (0.1 M salt). It was then adsorbed to a column of phosphocellulose (1.3 cm2 X 5 cm) that had been equilibrated with 0.04 1\I potassium phosphate buffer, pH 6.5. The flow rate was not allowed to exceed 10 ml/hr. The polymerase activity was eluted with 0.3 M potassium phosphate buffer, pH 7.5, and 0.5-ml fractions were collected. 80% of the activity applied was recovered. Fractions representing 60% of the applied activity were pooled (2.8 ml).
Sephadex G-200. A column of Sephadex G-200 (3 cm2 X 50 cm), with an excluded volume of 45 ml, was equilibrated with 0.3 M potassium phosphate buffer, pH 7.5. One-half of the sample (1.4 ml) was loaded and 3-ml fractions were collected.
95% of the activity applied to the column eluted in a single Table 2 .
In the initial stages of purification (fraction III), "frozen" DNA is the most efficient template. After phosphocellulose chromatography, more than 50% of the activity applied was lost. The activity was recovered by the addition of an earlyeluting fraction to the reaction mixture. The early-eluting fraction could be replaced by purified exonuclease III (see Fig. 3 ). Treatment of "frozen" DNA with exonuclease III renders this DNA 5 times as efficient as a template, in agreement with the results reported by Knippers (6) . As shown in Fig. 2 , both the initial rate and final extent of the reaction are determined by the template. Once synthesis has ceased, only the addition of fresh template leads to a resumption of synthesis; addition of more enzyme is without effect. When an excess of exonuclease Ill-treated DNA is used, incorporation of TTP is linear for up to 100 min of incubation, and the initial rate of the reaction is directly proportional to enzyme concentration (0.04-1.0 lsg of fraction V).
Nondenatured, exonuclease Ill-treated, calf-thymus DNA is the most efficient template we have tested (see Table 2 ). Untreated, "frozen", or "activated" calf-thymus DNA is 5 to 8 times less efficient. Treatment of DNAs with alkaline phosphatase or X-exonuclease has no effect on their respective template activities. Native or denatured T7 DNA is not active as a template. Native T7 DNA can be rendered active by treatment with pancreatic DNase and exonuclease III. However, it is not as effective as exonuclease III-treated calfthymus DNA.
In addition to the separation of exonuclease III from polymerase II, phosphocellulose chromatography resolves a second polymerase activity (Fig. 3) . All attempts to interconvert peaks A and B by rechromatography or salt treatment have failed. DEAE-cellulose chromatography can also resolve peaks A and B from fraction III. Peak A usually contains 1/3 to '/2 of the activity present in peak B. With respect to requirements, peak A cannot be distinguished from peak B. Peak A is 3 times more sensitive to N-ethylmaleimide than peak B (polymerase I is 100% active in 10 mM N-ethylmaleimide), and both are totally insensitive to anti-DNA polymerase I antiserum.
The activity in peak A can be distinguished from the activity in peak B on the basis of its sensitivity to (NH4)2 S04 (Fig.  4A) . In contrast to peak B, which is maximally active at 7. Each fraction was assayed for DNA polymerase activity (0-4) and exonuclease III activity (----). Conditions were as described in Methods. Fractions bounded by arrows were pooled, and are referred to as peak A and peak B enzymes. plate requirements suggest that the enzyme requires a 3'-hydroxyl group, and that synthesis occurs in the 5'-to 3'-direction. Studies using calf-thymus DNA treated with alkaline phosphatase and X exonuclease suggest that 3'-or 5'-phosphoryl or 5'-hydroxyl groups are not sites for initiation of synthesis. We feel, however, that a sound conclusion concerning potential sites for initiation or de novo synthesis will require a more exhaustive study (now in progress) using natural templates. During the course of purification, a second polymerase activity (peak A) present in Pol Al-extracts has been observed. On the basis of chromatographic behavior, salt inhibition, thermal stability, and insensitivity to anti-polymerase I antiserum, it can be clearly distinguished from polymerases I and II. All attempts to interconvert peak A and peak B (polymerase II) have failed. We must, however, be cautious in assuming that peak A is a distinct, new enzyme. We have observed that reduction of salt from peak B preparations (dialysis or Sephadex filtration) to less than 0.04 M results in loss of activity and the appearance of an active form of the enzyme that will no longer adsorb to phosphocellulose. Preliminary experiments using Sephadex filtration and polyacrylamide gel electrophoresis indicate that the apparent molecular weight of the enzyme also varies with ionic strength. Given chromatographic and (probable) molecular weight variation of polymerase II, it is difficult to rule out the possibility that peak A is derived from peak B. We also cannot exclude the possibility that peak A is derived from peak B by proteolytic degradation, as has been observed with polymerase I (10).
The role of DNA polymerase II in DNA replication is still obscure. To date, no DNA synthesis-defective mutant that is defective in polymerase II has been reported. In addition, preliminary calculations have shown that there are approximately 100 molecules of polymerase II per cell, and that the rate of nucleotide incorporation per enzyme molecule is lower than polymerase I. (The rate measurement is, of course, limited to the templates studied to date.) Although we have measured DNA polymerase activity in crude extracts of Pol A4-, Rec Amutants, we have not determined if peak A or B enzyme is missing. Further work will be necessary to assess the role of polymerase II in replication.
